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a b s t r a c t
Four silanes, trimethylchlorosilane (TMCS), dimethyldiethoxylsilane (DMDES), 3-aminopropyltriethoxysilane
(APTES) and tetraethoxysilane (TEOS), were adopted to graft layered double hydroxides (LDH) via an induced
hydrolysis silylation method (IHS). Fourier transform infrared spectra (FTIR) and 29Si MAS nuclear magnetic
resonance spectra (29Si MAS NMR) indicated that APTES and TEOS can be grafted onto LDH surfaces via
condensation with hydroxyl groups of LDH, while TMCS and DMDES could only be adsorbed on the LDH
surface with a small quantity. A combination of X-ray diffraction patterns (XRD) and 29Si MAS NMR spectra
showed that silanes were exclusively present in the external surface and had little inﬂuence on the long range
order of LDH. The surfactant intercalation experiment indicated that the adsorbed and/or grafted silane could
not ﬁx the interlamellar spacing of the LDH. However, they will form crosslink between the particles and affect
the further surfactant intercalation in the silylated samples. The replacement of water by ethanol in the tactoids
and/or aggregations and the polysiloxane oligomers formed during silylation procedure can dramatically
increase the value of BET surface area (SBET) and total pore volumes (Vp) of the products.
& 2014 Elsevier Inc. All rights reserved.
1. Introduction
Silylation, also known as silane grafting, has been proven to be
an efﬁcient method to modify inorganic materials [1–4]. Compar-
ing with surfactant intercalation, silylation enables a durable
immobilization of the organic moieties by forming covalent bonds
between silane and substrates. Therefore, the stability of the
products against hydrolysis would be improved and the leaching
of the organic moieties into the surrounding solutions, as surfac-
tant modiﬁed products usually do, would be prevented [5]. More
importantly, silylation provides a precise control over the surface
component and pore features of the products for speciﬁc applica-
tions, such as in chromatography, antimicrobials, catalyst, immo-
bilized enzyme and so on [6].
Burket et al. [7] initiated to synthesize silicas using a
co-condensation of tetraalkoxysilanes and organo-silanes method
(also known as sol–gel method). Well-ordered mesoporous silica
and organo silica with tunable nanometer pores, large surface areas,
and high pore volumes could be synthesized by using this method [8].
During this process, the hydrolysis and grafting reaction of silanes
were the most critical issues to determine the structure and morphol-
ogy of the product. Therefore with various kinds of silanes with
different numbers of hydrolysable groups and functional groups have
beenwidely adopted to synthesize or graft silica kinds of materials [8–
11]. Ruiz-Hitzky [10] found that trimethylchlorosilane and hexam-
ethyldisilane could easily be grafted onto the external surface of H-
magadiite and the internal surface with the help of a pre-intercalation
with organic polar molecules. Herrera et al. [9] investigated the
grafting reaction on laponite with monofunctional (γ-MPDES) and
trifunctional alkoxysilanes (γ-MPTMS). Themonofunctional silane only
formed a monolayer coverage on the border of the laponite plates and
exhibited nearly no effect on the physicochemical properties of the
laponite. However, the trifunctional silane was capable of both
reactions with the clay edges and formation of complex polysiloxane
oligomers in the bulk which were further deposited on the laponite
surface, resulting in decreased porosity, increased interlayer distance
and higher hydrophobicity. This implies that the number of functional
groups in the used silane has a signiﬁcant effect on the structure and
property of the silylated products. More interestingly, Mochizuki
et al. [12] successfully developed a novel method for constructing
molecularly ordered silica nanostructures with two dimensional and
three dimensional networks, involving silylation of a layered silicate
octosilicate with alkoxytrichlorosilanes and subsequent reaction
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within the interlayer spaces. All these cases demonstrated that
silylation is a promising method for tailoring the surface frameworks
and properties of layered compounds.
Layered doubled hydroxides (LDHs) are a kind of synthesized
lamellar compounds, which have the same structure and proper-
ties as natural layered mineral, hydrotalcites (Mg6Al2(OH)16(CO3) 
mH2O). The Mg2þ in the brucite-like octahedral sheet is partly
substituted by Al3þ , and the resultant excess positive charges are
balanced by the interlayer anions. The unique positively charged
layers and excellent anion exchange capacity result in wide
applications such as adsorbents, ion exchangers, pharmaceutics,
catalysts or catalyst supports etc. [13–19]. Park et al. reported
for the ﬁrst time a covalent bonding formed between LDH and
silane [20]. Shortly afterwards, Wypych et al. successfully synthe-
sized the single-layer LDH silylated products [21]. More recently,
our group developed an in-situ coprecipitation method and a
calcination–rehydration method to graft silanes onto the LDH
surfaces. The inﬂuences of surfactant content on the structures,
morphologies, and thermal properties of the ﬁnal products were
discussed based upon the water abundant reaction system [22,23].
We also designed an induced hydrolysis silylation method (IHS) to
graft water-rich LDH in ethanol. IHS is a convenient way to control the
hydrolysis rate of silane by controlling the water content in LDHs [24].
However, in all the above studies, 3-aminopropyltriethoxysilane
(APTES) was used as the grafting agent, the possibility for silylation
of LDH with the silanes other than APTES and their effect on the
structure and property of the silylated products are still unknown.
The main aim of this study is to investigate the inﬂuence of the
number of hydrolysable groups in silanes on the structure and
properties of the silylated products. Four silanes with 1–4 hydrolysable
groups were used in this study, i.e. trimethylchlorosilane (TMCS),
dimethyldiethoxylsilane (DMDES), 3-aminopropyltriethoxysilane
(APTES) and tetraethoxysilane (TEOS). The experiments were carried
out in ethanol medium using water-rich LDH as substrate via IHS. The
textural properties of the synthesized materials were characterized by
X-ray diffraction (XRD), the diffuse reﬂectance Fourier transform
infrared spectroscopy (DRIFTS), solid state 29Si cross polarizationmagic
angle spinning nuclear magnetic resonance spectroscopy (29Si CP/MAS
NMR) and nitrogen adsorption test.
2. Experimental
2.1. Materials
2.1.1. Synthesis of Mg6Al2(OH)16CO3  4H2O (MgAl-LDH)
The MgAl-LDH was prepared by coprecipitation as reported
previously [25]. About 9.6 g of Mg(NO3)2 6H2O and 4.7 g of
Al(NO3)3 9H2O with a molar ratio of 3:1 (Mg2þ/Al3þ) were
dissolved in 44 ml distilled water (Solution A). About 4 g NaOH
was dissolved in 50 ml of distilled water (Solution B). At room
temperature, Solution B and Solution A were dropped into 50 ml
distilled water with vigorous stirring. The pH value of the mixture
was kept at ca. 10. After ﬁltered and washed with distilled water,
the gel-like resultants were separated into two batches. One was
centrifugally separated and sealed for the further experiments
(denoted as Htw), and the other was dried at 80 1C (denoted as Ht).
The mass loss of Htw is 88% after dried at 80 1C.
2.1.2. Silylation experiments of MgAl-LDH (H–Sin, n¼1–4)
About 50.0 g Htw, was suspended into 100 ml ethanol. With
stirring, 0.05 mol TMCS, DMDES, APTES and TEOS were added drop-
wise into the mixture, respectively. After stirred for 6 h at room
temperature, the gel-like resultant was washed by centrifuge–washing
cycles with ethanol and dried at 75 1C (denoted as H–Sin).
2.1.3. Surfactant intercalation of silylated MgAl-LDH (H–Ln)
With stirring, half amount of Htw and the obtained H–Sin were
dispersed into 100 ml distilled water for 2 h before the input of
2.8 g sodium dodecylsulfate (DS), respectively. After stirred for 6 h,
the resultant was washed by centrifuge–washing cycles and dried
at 75 1C (denoted as H–Ln).
2.2. Characterization of the materials
The diffuse reﬂectance Fourier transform infrared spectroscopy
(DRIFTS) characterization was performed on the Praying Mantis™
diffuse reﬂection accessory (Harrick Scientiﬁc Products Inc.) of a
Bruker Vertex-70 Fourier transform infrared spectrometer at room
temperature. The DRIFTS measurement lasted 2 min (from the
sample loading to the spectrum recording). The spectra were
collected over the range of 4000–600 cm1 with 64 scans and a
resolution of 4 cm1 using KBr background. Powder XRD patterns
were recorded using a Bruker D8 Advance diffractometer with Cu
Kα radiation (λ¼1.54061), operating at 40 kV and 40 mA. The
incident beam was monochromated through a 0.020 mm Ni ﬁlter
then passed through a 0.04 rad. Soller slit a 1.0 mm ﬁxed mask
with 1.01 divergence slit, 0.21 anti-scatter slit, between 1 and 761
(2θ) at a scan speed of 1.51 min1 with a increment of 0.011. All
the solid-state NMR experiments were carried out at B0¼9.4 T on a
Bruker AVANCE III 400 WB spectrometer. The corresponding
resonance frequency of 29Si was 79.5 MHz. Samples were packed
in a 7 mm ZrO2 rotor and spun at the magic angle (54.71), and the
spin rate was 7 kHz. 1H–29Si CP/MAS spectra were recorded with a
contact time of 4.5 ms and a recycle delay of 2 s. The 29Si chemical
shift was referenced to tetramethylsilane (TMS). The pore struc-
ture was studied by N2 sorption isotherms (at 77 K) on samples
previously outgassed for 24 h at 373 K, using an ASAP 2020 by
Micromeritics. The speciﬁc surface area of the samples was
obtained on the basis of the standard Brunauer–Emmett–Teller
method. The pore size distribution (PSD) was obtained by means
of the Horvath-Kawazoe (HK) method and Barrett–Joyner–
Halenda (BJH) method from the desorption data in the pore size
range 2–20 Å and 20–500 Å, respectively.
3. Results and discussion
3.1. Diffuse reﬂectance Fourier transform infrared spectra (DRIFTS)
The IR spectrum of Ht (Fig. 1a) showed the vibrations related to
O–H stretching mode in the range of 3735 and 3050 cm–1, which
included the surface –OH vibrations at ca. 3611 and 3657 cm–1,
water and related H-bonds between 3500 and 3300 cm–1, and the
bridge bond between H2O and anions at ca. 3087 cm–1 [26]. The
vibration corresponding to the bending mode of water was
observed at ca. 1636 cm–1. The strong vibration at ca. 1438 cm–1
is due to the ν3 asymmetric stretching mode of interlayered CO32–.
Generally, two main changes, corresponding to the alkyl chain
and Si–O vibrations, would be recorded in the IR spectra of the
silylated LDHs [25]. For H–Si1, H–Si3 and H–Si4, the vibrations
corresponding to –CH2, –CH3 and Si–O–metal stretching modes
clearly appeared in the region of 30002700 cm1 and at
ca. 1040 cm1, respectively, together with the vibration of Si–CH
at ca. 1150 cm1 (Figs. 1b, d and e). The typical Si–O–Si symmetric
stretching are located at 1080 cm1 (in cyclic structures) and
above 1100 cm1 (in linear structures). In this study, the Si–O–
related peaks locate at lower wavenumbers, due to the d in
electronegativity between Si and Mg or Al. The existence of these
vibrations demonstrates that silane was successfully grafted [25]
or chemisorbed [27] onto LDHs surface. With respect to H–Si2, a
weak peak at 1540 cm1 was recorded corresponding to –CH2
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deformation (Fig. 1c). However, neither vibration corresponding to
–CH2 or –CH3 antisymmetric stretching, nor a Si–O–metal stretch-
ing was recorded. This implies that DMDES was not chemically
bounded to LDH surface.
In this study, the grafting reaction was conducted in ethanol,
where the water was insufﬁcient for complete hydrolysis of all the
Si–X (X represents the hydrolysable group). On the other hand, for
the silane with –OEt group, its hydrolysis would produce ethanol.
Hence, choosing ethanol as solvent for the grafting reaction would
hamper the hydrolysis of Si–OEt [6]. This effect may result in a low
grafting efﬁciency in all the samples. There are one –Cl in TMCS
and two –OEt in DMDES, respectively. Due to the much higher
hydrolysis reactivity of –Cl than –OEt, TMCS can be easily hydro-
lyzed and condensate with LDH surface while DMDES cannot. Both
DMDES and APTES have –OEt group in the structure, but only
APTES can be successfully grafted onto the LDH surface. Here,
–NH2 could be a key factor for the successful grafting of APTES.
As reviewed by Voort [6], the silylation reaction can be seen as a
nucleophile substitution reaction in the presence of NH3 or –NH2.
Two possible mechanisms were proposed for these reactions in a
nonaqueous medium. In the ﬁrst one, –NH2 could promote the
grafting reaction by forming a low energetic six-membered ring,
which was composed by –Si, –O–, –NQ and –H from silanes,
together with –H, and –O– from LDH surfaces. In the other
mechanism, –NH2 helped to form a pentacoordinate intermediate,
in which the central atom is Si, and the coordination including
three –OR, –R from silane, and –O– from LDH surface [6]. Due to
lack of sufﬁcient water for hydrolysis of –OEt group and without
–NH2 in the structure serving as catalyst, DMDES failed to be
grafted onto the LDH surface.
The signals in the region of 1500–1250 cm1 and 940–890 cm1
should be attributed to the ν3 and ν2 modes of the CO32 within the
interlayer space [28]. These signals shifted to the lower wavenumber
in the silylated samples, compared with the original LDH. This may be
resulted from the consumption of water molecule on the surface of
LDH during the silylation procedure and the subsequent reduction of
the H bonding between CO32 and water.
3.2. XRD results
The XRD pattern of Ht displayed a typical and well ordered
layered structure with a basal spacing (d003) of 7.8 Å (Fig. 2a). This
value well matches with the reference pattern 00-022-0700
(hydrotalcite, syn-Mg6Al2(OH)16CO3 4H2O).
All the reﬂections of silane modiﬁed LDHs were intensiﬁed,
indicating a higher layer stacking order of the resultant sample
(Fig. 2b–e). This also implies that the condensation between surface
hydroxyl groups of LDH and silane has little inﬂuence on the long
range order of LDH during the modiﬁcation procedure. The d003 values
of all the products remained at 7.8 Å, indicating no interlayer expan-
sion occurred during grafting processes and the silanes exclusively
existed on the external surface of the silylated products. A broad
intensiﬁed peak was detected at ca. 1.61 (2θ) for H–Si4. This may be
resulted from the house-of-card structure in the silylated products, in
which LDH particles were crosslinked with the hydrolyzed TEOS and/
or the resultant zeolite-like materials.
The “locking effect” in the APTES silylated montmorillonite was
found previously [29]. A pillar of siloxane oligomers was formed
between the interlayers and at the layer edges of montmorillonite.
As a result, the silylated montmorillonite lost the swelling ability
and the interlayer space was ﬁxed in a certain value (ca. 11.3 Å) [29].
In order to reveal whether there is a similar “locking effect” for the
silylated LDHs, the surfactant, sodium dodecylsulfate (DS–), was
used to investigate the swelling ability of the silylated products
(Fig. 3). If there were a locking effect for the silylated LDH, the d
value should ﬁxed in ca. 16.1 Å, considering a layer thickness of
4.8 nm. For H–L, a new diffraction sequence with d value of 26.2 and
12.7 Å was recorded, respectively, corresponding to a parafﬁn
bilayer arrangement of DS– within the interlayer space of LDHs
[30]. Similar d values were also exhibited in the XRD patterns of H–
L1 and H–L2. This indicates that TMCS, DMDES and their hydrolyzed
products do not change the swelling property of the LDHs. H–L3 and
H–L4 displayed rather broader and weaker peaks in this region
compared with H–L. Especially for the later, a prominent plateau
was shown at 1–4.51 (2θ). These obviously broadened reﬂections
suggest that the arrangement of the interlayered DS– was affected
by the silylation. As discussed above, APTES in H–L3 and TEOS in H–
L4 have 3 and 4 hydrolysable groups, respectively. Hence, condensa-
tion reactions could take place among silane molecules and
between silane and LDH layer. Especially, the multifunctional silane
was capable of both reaction with the clay edges and formation of
complex polysiloxane oligomers in the bulk which were further
Fig. 1. The IR spectra of silane modiﬁed products. (a) Ht, (b) H–Si1, (c) H–Si2,
(d) H–Si3 and (e) H–Si4.
Fig. 2. The XRD patterns of LDH and its silane modiﬁed products. (a) Ht, (b) H–Si1,
(c) H–Si2, (d) H–Si3 and (e) H–Si4.
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deposited on the substrate surface [9]. This will affect the intercala-
tion of surfactant and arrangement of the intercalated surfactant.
3.3. 29Si CP/MAS NMR spectroscopy
29Si CP/MAS NMR technique was applied for better under-
standing the grafting model of the products (Fig. 4). Tn (n¼03)
and Qn (n¼04) notations were adopted to describe the tri- and
quadr-dentate siloxanes formed between silane and the substrate
surface or the neighboring silane molecules, respectively [31].
The possible products, generated from hydrolysis of silane and
silylation of silica in aqueous solution, were discussed in literature
[32,33]. In this case, the NMR signals of silylated LDHs were
assigned based on the differences in chemical shift and the
reaction solvents in comparison with reported values [34].
The bonding modes observed between silane molecules, silanes
and LDH varied among the products modiﬁed with different
silanes (Fig. 4). For H–Si1, a signal centered at ca. 21.6 ppm
was recorded, indicating the existence of TMCS. But the signal was
different from the mono-dentate (M1) model, which was located
at ca. 15 ppm and ascribed to R3Si–O–Si (R¼alkyl group) [35,36].
Therefore, this signal was suggested to be attributed to TMCS and/
or its hydrolyzates adsorbed on LDH. No signiﬁcant signal was
observed in the NMR spectrum of the H–Si2, implying no covalent
bond formed between DMDES and LDH. This result is consistent
with the conclusions based upon IR results. For H–Si3, the mono-
dentate APTES molecule (T1) was detected as signal at –49.6 ppm.
The remaining signals at –59.0 and –69.3 ppm were assigned to
two types of bidentate and a tridentate oligomers of APTES,
respectively (Fig. 5a). The ratio of these models is a bit different
from the previous reports [24], due to much higher volumetric
ratio of water/APTES in this study. In the water superﬂuous
system, the hydrolysis of APTES and the pre-organization of APTES
molecules would occur before grafting, giving rise to the formation
of dimerized chains [32,37]. As a result, the populations of
bidentate (T2) and tridentate (T3) bonding is in dominance. This
difference conﬁrmed the conclusion that the bonding mode of the
silylated sample can be governed by adjusting the water content in
the reaction system. For H–Si4, a broad peak at region of 65 to
115 ppm was recorded. This peak was corresponding to the Q
type bonding among silanes or between silane and LDH surface
(Fig. 5b).
3.4. BET surface area and pore volume analysis
The N2-physisorption isotherms were employed to evaluate the
textural properties of the silane modiﬁed LDHs. All the samples
were of typical type IV adsorption isotherm with a H3 hysteresis
loop (Fig. 6a). A large amount of nitrogen was uptake close to
saturation pressure, exhibiting multilayer adsorption and the
presence of mesopores [38]. This isotherm is characteristic of clay
minerals and accounts for N2 physisorption on slit-shaped meso-
pores formed among aggregates of platelet particles [39]. The
Fig. 3. The XRD patterns of silane modiﬁed products after intercalation with
surfactant. (a) H–L, (b) H–L1, (c) H–L2, (d) H–SiL3 and (e) H–L4.
Fig. 4. The 29Si NMR spectra of silane modiﬁed products. (a) H–Si1, (b) H–Si2,
(c) H–Si3 and (d) H–Si4.
Fig. 5. Grafting models of the silylated products using different silanes. (a) APTES
and (b) TEOS.
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adsorption at relative pressure (p/p0) below 0.1 corresponded to
micropore adsorption. These were further evidenced by the pore
diameters calculated by using HK method (Fig. 6b).
For Ht, three kinds of pore sizes were observed locate ca. 4.5 Å,
28 Å (narrow) and 200 Å (broad), respectively (Fig. 6). Due to the high
layer charge density and interlayered anion, LDH did not exhibit any
internal microporosity [40]. Therefore, the micropores are most
possible to be resulted from turbostratic stacking of tactoid layers of
LDH [41], and all the mesopores should be formed by the aggregations
with a house-of-card structure [42]. All products displayed dramatic
increment of the values of the BET surface area (SBET) and total pore
volumes (Vp). However, these values decreased sharply after the
samples were intercalated with surfactant (not shown). Therefore, it
could be deduced that the increment of SBET was produced from the
silylation. In the silylation reactions, the ethanol was adopted as
solvent. They could replace the sites in the tactoids and/or aggrega-
tions, which were occupied by water previously. Due to the lower
boiling point, the ethanol is much easier to escape when heated at
100 1C before the N2 physisorption test was performed. This will lead
to increasing the volumes of micropores and/or mesopores in silane
modiﬁed samples. This phenomenon is quite common in the minerals
washed and/or synthesized in the organic solvents [40]. Furthermore,
the residual silane may increase the extent of the crosslinking among
the particles and increase the amount of mesopores (Fig. 6b). Both the
two factors could result in the increment of SBET and Vp.
As shown by this study, silane modiﬁcation can not only increase
the pores volumes as in H–Si1 and H–Si2, but also create new type of
mesopores as in H–Si3 and H–Si4 (Fig. 6b). These differences could be
resulted from the different crosslinking styles among silane mole-
cules and/or LDH particles. For H–Si3 and H–Si4, comparing with H–
Si1 and H–Si2, covalent bonds were formed between the silanes
(APTES and TEOS) and LDH surface, while they could also condensate
with the other neighboring LDH particles and/or silane molecules.
These polysiloxane oligomers could be formed and deposited
between the adjacent layers [36]. Especially, the hydrolysis and
condensation of the TEOS could form zeolite-like polysiloxane
oligomers on the surface of LDH particles. These oligomers can
generate extra mesopores and contribute to the dramatical increase
of total pores volume (Fig. 6b, Table 1).
4. Conclusions
The effect of the hydrolysable groups on the structure and
properties of the silylated LDHs were investigated by using four
silanes, i.e. TMCS, DMDES, APTES and TEOS. The hydrolysis extent
of the silanes can be well distinguished when the silylation
reactions were carried out in ethanol medium using water-rich
LDH as substrate (IHS). FTIR indicated that APTES and TEOS can
condensate with hydroxyl groups of LDH, while TMCS and DMDES
can only be adsorbed on the LDH surface with a small quantity.
29Si MAS NMR showed T and Q type signals for APTES (45 to
75 ppm) and TEOS (75 to 100 ppm) silylated samples,
respectively, indicating that tri- or quad-dentate silylation models
were formed among silanes and LDHs. XRD showed that the d003
values were not increased after silane modiﬁcation, suggesting
that silanes were only present at the external surface and had little
inﬂuence on the layer stacking of LDH. All the samples exhibited
type IV isotherms with H3 type hysteresis loop. The increase of BET
surface area (SBET) and total pore volumes (Vp) in all the silane
modiﬁed samples were mainly ascribed to the replacement of
water by ethanol in the tactoids and/or aggregations of LDHs. The
mesopores generated in silylation reaction as indicated for APTES
and TEOS silylated products has an important contribution to the
increase of SBET and Vp.
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